Due to the high stellar densities in young clusters, planetary systems formed in these environments are likely to have experienced perturbations from encounters with other stars. We carry out direct N-body simulations of multi-planet systems in star clusters to study the combined effects of stellar encounters and internal planetary dynamics. These planetary systems eventually become part of the Galactic field population the parental cluster dissolves, which is where most presently-known exoplanets are observed. We show that perturbations induced by stellar encounters lead to distinct signatures in the field planetary systems, most prominently, the excited orbital inclinations and eccentricities. Planetary systems that form within the cluster's half-mass radius are more prone to such perturbations. The orbital elements are most strongly excited in the outermost orbit, but the effect propagates to the entire planetary system through secular evolution. Planet ejections may occur long after a stellar encounter. The surviving planets in these reduced systems tend to have, on average, higher inclinations and larger eccentricities compared to systems that were perturbed less strongly. As soon as the parental star cluster dissolves, external perturbations stop affecting the escaped planetary systems, and further evolution proceeds on a relaxation time scale. The outer regions of these ejected planetary systems tend to relax so slowly that their state carries the memory of their last strong encounter in the star cluster. Regardless of the stellar density, we observe a robust anticorrelation between multiplicity and mean inclination/eccentricity. We speculate that the "Kepler dichotomy" observed in field planetary systems is a natural consequence of their early evolution in the parental cluster.
INTRODUCTION
The majority of stars, maybe even all, are born in a clustered environment (e.g., Lada & Lada 2003; Porras et al. 2003; Gieles et al. 2012) . Planets, so far as we know, are born orbiting stars. A planetary system is affected by this environment through encounters with other stars (Spurzem et al. 2009; Hao et al. 2013; Li & Adams 2015; Shara et al. 2016; Cai et al. 2017) . To what degree can we recognize such early dynamical evolution in the orbital distribution of planets in a system at a later time depends on the magnitude of the perturbation and the exposure time .
When a planetary system is perturbed externally by a passing star in the parental cluster, the perturbation may E-mail: cai@strw.leidenuniv.nl (MXC) propagate to the inner system via secular evolution, and be preserved by the communal dynamical evolution of the planets in the system . If the planetary system becomes dynamically unstable due to such external perturbations, for example when an outer planetary orbit starts to cross a more inner orbit, this may result in the ejection of a planet. The reduced planetary system may still show signatures of this occurrence in the orbital elements of the surviving planets, such as in the inclination or the eccentricity. As a consequence reduced planetary systems may have different characteristics when compared to non-reduced planetary systems with happened to be born with the same number of planets. For convenience, we make the distinction between rich planetary systems (for systems with 3 or more planets) and poor planetary systems (with fewer than 3 planets. This distinction is practical because rich planetary systems are by definition untouched/less affected, whereas poor plane-tary systems can either be poor from birth or reduced rich systems. From a theoretical perspective, there is no reason why planetary systems could not be born very rich (with 3 planets) that remained rich even after reduction to > 3, but we ignore those cases here.
We assume that planets form with small eccentricity and co-planar, much in the same way we have been perceiving planet formation since mid 18th-century (e.g., Kant 1755; de Laplace 1809; Lissauer 1993) . High relative inclinations are then hard to explain by their own internal dynamical evolution. Large deviations from circular orbits, however, can be explained by planet-planet interactions and possible ejections. Such ejections naturally lead to a reduction in the number of planets. In contrast, a wide variety of inclinations, either originating from an external source or by internal evolution, are not likely to result in the reduction of the system. NASA's Kepler mission observed an excess in the number of single-transit systems (e.g., Lissauer et al. 2011a; Johansen et al. 2012 ). This phenomenon was named the "Kepler dichotomy", because such an excess of single-transient systems is inconsistent with current theories of planet formation (e.g., Hansen & Murray 2013) . Interestingly, these single-transit systems are often found to have large obliquities, whereas rich planetary systems tend to have a low average inclination, i.e., they tend to be coplanar (Morton & Winn 2014) . A simple solution would be that singleplanet systems form differently than multi-planet systems, but Pu & Wu (2015) ; Volk & Gladman (2015) argue that they are the leftovers of richer systems. They notice that rich systems discovered by Kepler tend to be fully packed and therefore only marginally stable. The ejection of several planets then naturally result in a poor-planetary system with a high obliquity. Similarly, Mustill et al. (2017) argue that the inner part of a planetary system can be affected by either a giant planet in the outer part or a wide binary stellar companion. Planet-planet scattering and/or LidovKozai mechanism (e.g., Kozai 1962; Lidov 1962; Mazeh & Shaham 1979) will excite the inclinations and eccentricities of the inner system, and eventually reduce the number of planets in the system. They also point out, however, that dynamical evolution due to the outer planets alone is insufficient to explain the excess of Kepler 's single-transit systems. Read et al. (2017) also suggest that single-transit systems may have inclined/non-transiting outer planets. On the other hand, a recent study by Izidoro et al. (2017) suggests that when the gas disk is present, planetary embryos grow and migrate inward. A resonance chain is formed when they capture each other into resonance. However, when the gas disk dissipates, the chain may break due to dynamical instability. Some planets may be induced to high inclinations, making then out of the line-of-sight and become undetectable for transit surveys. In this sense, single-transit systems may not be really single; rather, they may have hidden non-transiting companions.
In this study, we model the dynamical coevolution of planetary systems with their parental clusters using direct N-body simulations. We want to establish how stellar encounters affect the orbital inclinations and eccentricities of planetary systems when they are still in the parental cluster. Our results show that planetary systems formed within the half-mass radii of their parental clusters are much more likely to suffer from intensive external perturbations. Consequently, these systems are dynamically hotter, i.e., with more eccentric orbits and higher mutual inclinations. Additionally, these systems statistically have fewer planets compared to the systems form outside the half-mass radius of the cluster, in the sense that dynamical instabilities, initially triggered by intensive stellar encounters, leads to planet ejections. Based on these results, we argue that the "Kepler dichotomy" may be a signature of the dynamical evolution of the planetary systems in a young star cluster, and that the single observed planet is often accompanied by others in an inclined orbit (especially if this single-transiting planet has moderate-to-high orbital eccentricities, which indicates that the planetary system is dynamically hot). In contrast, rich planetary systems tend to exhibit much higher degrees of coplanarity, because they form in the outskirts of the parental clusters, where stellar densities are low and external perturbations are infrequent. We argue that both aspects are a natural consequence of the external perturbations these planetary systems endure, and their subsequent internal secular dynamical evolution. These processes leave rich planetary systems planar and poor planetary systems with high inclinations. This paper is organized as follows: the details of numerical modeling and initial conditions are presented in Section 2; the results are shown in Section 3, followed by the discussions in Section 4. Finally, the conclusions are summarized in Section 5.
MODELING AND INITIAL CONDITIONS
We perform direct N-body simulations of star clusters including multi-planet systems. Our objective is to study the departures of multi-planet systems from their initial configuration due to the combined effects of stellar perturbations and planet-planet scattering. Planets in our simulations are assumed to be formed on a plane and with circular orbits. However, in time these canonical initial conditions deviate due to the combined effects of stellar encounters and planet-planet scatterings. The initial conditions for the host star cluster are sampled from Plummer (1911) spheres with N = 2000, N = 8000, and N = 32, 000 stars, respectively, and the virial radius of all clusters are set to R vir = 1 pc. Stellar masses are randomly sampled from a broken powerlaw Kroupa (2001) with a minimum of 0.08M and a maximum of 25M . This IMF results in a mean stellar mass of ∼ 0.55M .
The initial condition of planetary systems based on the "EMS" systems described in Zhou et al. (2007) , in which all planets in a planetary system is equal mass, separated equally in terms of mutual Hill radii, hence the name. Since planetary systems are generally chaotic, we need to obtain our results statistically. Therefore, we initialize an ensemble of 200 identical EMS systems and assign them to solar-type stars (M star = 1 ± 0.02M ) in the host cluster. The stellar density in the vicinity of a planetary system varies, depending on its location at the cluster. We adopt two EMS models (Model J and Model E). In Model J each planet has a mass equal to Jupiter (∼ 10 −3 M ); in Model E the planet mass is reduced by a factor of 1000, comparable to ∼ 1/3 Earth mass (∼ 10 −6 M ). The semimajor axis of the innermost planet is set to a 0 = 5.2 AU, similar to Jupiter's orbit in the Solar system. Planets are placed on circular and coplanar orbits with semi-major axes a = [5. 2, 13.04, 32.7, 82.2, 206 .2] AU, coincides with a separation of 10 mutual Hill radii for Model J and 100 mutual Hill radii for Model E, respectively (see, Cai et al. 2017) . The outermost planet therefore has a semi-major axis comparable to 40% of Sedna's semi-major axis (Malhotra et al. 2016 ). In the absence of external perturbations, our two models are stable (as analytically and numerically verified in Zhou et al. 2007 ) far beyond the total simulation time used in this study. In Model J, planet-planet scattering plays an important role in the dynamical evolution; in Model E, mutual planet-planet interactions are weak enough to be ignored. Model E serves as a comparison group to disentangle the contributions by external stellar flybys and internal planetplanet scatterings.
We simulate the dynamical evolution of the stars and planets in two subsequent steps using the same approach in Cai et al. (2017) . In the first step, the equations of motion of the stars are integrated using NBODY6++GPU (Spurzem 1999; Aarseth 2003; Wang et al. 2015) . The positions, velocities, accelerations and the first derivative of accelerations are recorded using the Block Time Step Storage Scheme (Faber et al. 2010; Farr et al. 2012; Cai et al. 2015) , which allows us to reconstruct stellar flybys precisely down to the time resolutions of a few days (comparable to the integration time steps used by the planetary system integrator). In the second step, we use the IAS15 integrator (Rein & Spiegel 2015) from the rebound package (Rein & Liu 2012) to integrate planetary systems. The precalculated perturbation data from step one is then communicated to the integrator using the AMUSE framework 1 (Portegies Zwart et al. 2009 Zwart et al. , 2013 Pelupessy et al. 2013 ). This strict separation of stellar and planetary interactions enables us to separately study the effect of different planetary systems in the same star cluster and thereby disentangle the contributions from external stellar encounters and internal planet-planet scatterings. As a convenient side effect, it speeds up the calculations enormously, because we do not have to integrate the equations of motion of all the planets in the mutual gravitational field. Each planetary system is integrated for 50 Myr. This twostep integration scheme is embarrassingly parallel, carried out automatically using the SiMon automated job scheduling and monitoring toolkit (Qian et al. 2017 ).
RESULTS
We carry out 200 Model J systems and 200 Model E systems in each host star cluster, and compare the statistical results. We aim to establish how the signatures from the parental cluster differ when planetary systems are exposed to different stellar densities, and to test whether planetplanet scattering can erase the signatures left by the parental clusters. Figure 1 shows the correlation between mean inclinations (the statistical feature of mutual inclinations are given as σ(i), i.e., the standard deviation of inclinations, shown as vertical bars) as a function of the number of planets 1 https://github.com/amusecode/amuse after the planetary systems evolve in their parental cluster for t = 50 Myr.
Regardless of the density of the host cluster, both Model J and Model E exhibit the same statistics such that a higher degree of multiplicity results in a smaller mean inclination 2 and in a smaller standard deviation (shown as errorbars). However, we are cautious to make direct comparison between the results of the N = 2k cluster and N = 32k cluster: due to the low stellar density in the N = 2k cluster, most planetary systems are able to retain all their planets, and therefore very few poor planetary systems are produced ( Table 1 summarizes the number of planetary systems as a function of N p when the simulations end). Consequently, the N = 2k result suffers from low-number statistics for the regime of N p ≤ 4. In particular, the data point for the N = 2k Model E system at N p = 2 has no statistical significance because there is only one such planetary system. Fortunately, the statistical data at N p = 5, as listed in Table 2 , have the best quality thanks to the adequate samples. Based on these data, we observe that denser stellar environments indeed result in higher mean inclinations and larger standard deviation of inclinations. Nevertheless, it is interesting to notice that the difference is within the same order of magnitude, which indicates that the signature of inclination excitation is robust regardless of the stellar density in the parental cluster.
Considering that the planetary systems in our simulations start as circular and coplanar five-planet configurations, the eventual number of planets, N p , by the end of the simulation is an indicator of the degree by which the systems are perturbed, either by stellar fly-bys or by subsequent internal secular perturbations. Evidences of the intensive external perturbations are imprinted on the planetary systems in their high mean inclination and their mutual inclinations. Rich planetary systems, in contrast, remain relatively untouched compared to poor planetary systems. These differences are visible in the preserved nearly circular and coplanar orbits in the former population. This trend is visible in Figure 2 in which we present the mean eccentricities as a function of N p .
We use the term "hot" to describe planetary systems with high mutual inclinations and high eccentricities, and "cool" for those systems with relatively circular and coplanar orbits. In this context, all planetary systems start with a dynamically cool configuration, corresponding to a minimum angular momentum deficit (AMD, which is defined as the part of angular momentum resulted from non-circular and non-planar motion, see Laskar 1997 Laskar , 2000 Laskar & Petit 2017) . Large values of AMD usually lead to very chaotic behavior (Wu & Lithwick 2011) . In our simulations, the AMD of planetary systems is apparently injected by stellar encounters. Outer planets with large semi-major axes are more vulnerable to extended stellar perturbations (e.g., Spurzem et al. 2009; Cai et al. 2017) , and therefore they are the first ones to acquire an AMD. When the AMD is sufficiently large, orbit crossing will occur, and outer planets can share their AMD with the inner planets (given that planet-planet interactions are important), and the system has a tendency towards AMD equipartition (Wu & Lithwick 2011) . As such, when stellar encounters inject AMD into the outskirts of planetary systems, outer planetary systems in Model J need to share their AMD with inner planets, whereas in Model E the planetary systems can absorb all the AMD they receive from the parental star cluster. When a planet is ejected, it carries away both its own AMD contributed by stellar encounters, and also part of the AMD contributed by other planets. This explains the fact that the dispersion of inclinations is larger for Model E systems, as seen in Figure 1 , and similarly observed in Figure 2 for the dispersion of eccentricities.
In Figure 3 , we show the dispersion in the inclinations as a function of the mean inclination for each planetary system in the N = 32k cluster at t = 50 Myr. The planetary systems in Model E with N p > 3 are are more concentrated towards the diagonal line, whereas systems with fewer planets tend to be more spread out. The rich systems show an approximately linear correlation between log( i ) and log(σ(i)). These sys- Table 1 . The values at N p = 5 have the best statistical quality thanks to the adequate number of planetary systems in this bin. Due to the low stellar density in the N = 2k cluster, the result in this cluster has little statistical significance for N p < 4 systems. Note that the errorbars are showing the standard deviations rather than errors, and therefore the negative inclinations at the lower tips of the errorbars do not mean that some planets get negative inclinations. tems are only perturbed by external stellar encounters (i.e., planet-planet interactions are rare and have negligible effects on the orbits of the planets). The initial distribution of inclinations and eccentricities are well preserved for these systems, and even after 50 Myr of dynamical evolution their initial conditions are still reflected in their orbital topologies. This is contrasted by the results of Model J, in which planets have masses comparable to Jupiter. In these models, external perturbations are enhanced by the internal secular evolution of the planetary systems. In Figures (3-4) , we see that these internal dynamical processes lead to a more diffuse distribution in inclinations and eccentricities for poor planetary systems (N p ≤ 3) compared those in Model E. In addition, rich planetary systems, in both models, also show a more confined distribution clustering near the diagonal line.
The broad distribution is formed through the combined effects of external perturbations and internal planetary system dynamics. The inclinations of the orbits of the planets are affected by close encounters with other stars. In the same planetary system, the outermost orbit is most strongly affected by stellar encounters. Therefore, during the onset of an encounter, the orbital inclinations of all planets change systematically, and outer planets experience more significant changes than inner planets, leading a systematic growth of both the mean inclination and the standard deviation of inclinations. Planetary systems that experience external perturbations therefore move along the black diagonal line in Figure 4 so long as internal planetary dynamics can be neglected. On the other hand, if planet-planet scattering is the only driver of the variation in eccentricity, then due to the conservation of angular momentum, the evolution of the eccentricity exhibits an anti-phase sinusoidal pattern in which case the planetary system migrates alone a V-shape trajectory (denoted with the black curve in Fig. 4) . In a real environment, external perturbations and internal dynamics interplay when the planetary system co-evolves with its parental cluster. Stronger internal dynamical scatterings lead to a broader distribution in e and σ(e). This can be observed in 4 in Model J in which planetary systems experience stronger internal interactions compared to those in Model E. As a consequence, the spread of orbital elements is more diffuse, as can be seen the same figure. Among systems in the same model, the poor planetary systems with N p ≤ 3 are more strongly perturbed by external encounters compared to the rich planetary systems (N p > 3), which leads to enhanced frequencies of orbit-crossings and ultimately stronger planet-planet scattering. As observed in Figure 4 , the poor population tends to exhibit a broader distribution in e -σ(e) than the rich systems. We illustrate the evolution of a typical planetary system that got perturbed by a passing star in Figure 5 . Figure 2 highlights the evolution of orbital elements driven by internal as well as by external perturbations of the same planetary system shown in Figure 5 . In addition, the system undergoes rapid changes in i and σ(i) when two planets are ejected between 30-40 Myr.
We conclude that external perturbations lead to the excitations of mean inclination and mean eccentricity, while internal dynamical evolution leads to variations in the dispersions of the inclination and the eccentricity. This is also shown in Figures 3 and 4 , where we find that planetary systems spread beneath the diagonal line, implying that the parental clusters have left an imprint in the early stage of the evolution of its planetary systems.
DISCUSSION
The Solar System, as well as rich planetary systems such a TRAPPIST-1, are systematically flat and circular. The mutual inclinations of these multi-planet systems are less than 5 • , and the inclination distribution can be described with a Rayleigh distribution (Tremaine & Dong 2012; Fang & Margot 2012; Ballard & Johnson 2016) . In terms of eccentricities, Van Eylen & Albrecht (2015) find that the eccentricity in Kepler multi-planet systems are low and can also be described by a Rayleigh distribution with σ = 0.049 ± 0.013. Xie et al. (2016) point out that there is an eccentricity dichotomy among Kepler planets: the mean eccentricity of single-transit planets is e ∼ 0.3, but e drops drastically for multi-transit systems. On the other hand, Adams (2010), for example, suggests that the Solar System is formed in the outskirts of a star cluster with a few thousand member stars. This is in agreement with the results in Cai et al. (2017) , where they find that planetary systems in the outskirts of star clusters are relatively unperturbed because of the low stellar density there, but inconsistent with the possible abduction of the dwarf planet Sedna from another star in the Sun's birth cluster . We therefore suspect that the Kepler dichotomy implies a natural selection process: those systems with high degrees of multiplicity will automatically be dynamically cooler because they did not undergo considerable external perturbations; those systems with few planets are naturally hotter, because they went through strong external perturbations, and the observed planets in these systems (most likely short-period planets) are the survivors of this process.
In the Solar System, while most planets are roughly on the same orbital plane, the reason for the misalignment of the Ecliptic plane with respect to the Sun's equatorial plane by 7 • still unclear. Similar systems such as Kepler-56 are observed, in which two planets are nearly coplanar but have large misalignment (> 37 • ) with the spin of the host star (Huber et al. 2013 ). Various mechanisms have been proposed to explain the formation of these systems, for example, through an inclined, non-transiting companion (e.g., Li et al. 2014; Otor et al. 2016; Mustill et al. 2017) , or through an inclined protoplanetary disk (e.g., Wijnen et al. 2017) . Another quite distinct systems shows a typical similarity with Kepler-108 (e.g., Mills & Fabrycky 2017) , shows high degree of mutual inclinations. However, according to Jílková et al. (2015) the misalignment can be explained by a steady flow of gas when the Solar System moved through an ambient gaseous medium in its infancy. In fact, these two distinct systems can be produced in our simulations through repeated hyperbolic and nearly-parabolic encounters in star clusters. The system shown in Figure 5 can be either Kepler-56 analogue or Kepler-108 analogue, depending on the time of the observation: when observed at t ∼ 30 Myr and t ∼ 50 Myr, the two planets have high mutual inclination, resembling Kepler-108; when observed at t ∼ 40 Myr, the two planets in the system are nearly copla- Each Myr checkpoint is denoted with a node in the evolution track. In this system, External stellar perturbations initially dominate the dynamical evolution of this system, causing the system to migrate alone the diagonal pathway (cf. Fig. 4 ). Subsequent inclination excitations cause the system to deviate from the original diagonal path. Following the ejection of P2 and P3 at t ∼ 36 Myr, the remaining two planets (P0 and P1) are weakly coupled. The conservation of angular momentum causes the system to migrate alone a V-shape trajectory. 
P1
P2 P3 P4 P5 Figure 6 . Same planetary system in Figure 5 , but for the evolution of a, e, and i as a function of time. Individual planets are plotted with colored curves. The thin gray curve at the top panel depicts the distance from the cluster center to the planetary system (y-axis on the right); the think gray curve on the middle panel depicts the distance from the closest perturber to the planetary system host star (y-axis on the right). From t ∼ 0 − 10 Myr, the planetary system locates near the cluster center, and the strong and frequent perturbations in this region cause efficient excitation and ejection of two outermost planets (P4 and P5) at t ∼ 3 Myr. A gravitational slingshot at t ∼ 23 Myr causes the ejection of another planet (P3), and throws the planetary system into an eccentric cluster orbit. Consequently, the planetary system periodically dives into the cluster center, where the perturbation frequency and strength both enhanced. The two remaining innermost planets (P1 and P2) are weakly coupled; both eccentricities and inclinations exhibit antiphase variation due to the conservation of angular momentum, which in turn produce the V-shape in Figure 5 . Interestingly, if an observer were to observe the system at t ∼ 40 Myr, they will find the two planets coplanar; if observed at around t ∼ 25 Myr, the two planets have a mutual inclination of ∼ 10 • .
nar, and they have considerable misalignment with respect to the spin of the host star, which resembles Kepler-56.
CONCLUSIONS
Most star and planets are formed in star clusters. Planetary systems in the field, including our Solar System, may have spent their early times in the parental clusters. Consequently, newly formed planetary systems in star clusters are subject to frequent external perturbations due to the high stellar density, which in turn leave signatures in the orbital elements. In this study, we investigate such signatures using direct N-body simulations. Based on our simulation results, we argue that the "Kepler dichotomy" may be such a signature imprinted by the parental cluster. Our main conclusions are:
• The birth environments of a planetary system in the field can be constrained by the observed orbital elements of its planets. Star cluster environments impose a natural selection process to the planetary systems formed within. While most presently known planets are detected in the field, they are essentially survivors of the stellar encounters in their parental clusters.
• In our simulations, the mean inclination i and mean eccentricity e of a planetary system decline as a function of multiplicity N p . Rich planetary systems (N p > 3) are mostly formed outside the half-mass radii their parental clusters, as the low stellar densities in those regions leave them mostly unperturbed. In contrast, poor planetary systems (N p ≤ 3) are mostly formed in the high-density central regions of the parental cluster. As survivors of intensive perturbations, these systems are usually compact and with moderate-to-high orbital eccentricities and mutual inclinations.
• We simulate multi-planet systems in different stellar densities, and found that dense stellar environments produce slightly stronger signatures of mean inclination/eccentricity excitation among rich planetary systems. However, the anticorrelation between N p and i (and likewise between N p and e ) is robust regardless of the density of the stellar environments.
• The total angular momentum deficit (AMD) of a planetary system is another signature imprinted by stellar encounters in the parental clusters. Modern planet formation theories suggest that planets form in circular and coplanar orbits, corresponding to the maximum angular momentum. The total AMD of a system can increase when stellar encounters excite e and i, but will remain mostly unchanged for planetary systems that are not externally perturbed. After a planetary system escapes the parental cluster, its AMD remains static.
• When external perturbations dominate the dynamical evolution of a planetary system, the mean inclination i and the dispersion in the inclination σ(i) grows systematically (likewise for the mean eccentricity e and the dispersion of eccentricity σ(e)). When internal evolution dominates the dynamical evolution, i and e of individual planet orbits exhibit an anti-phase oscillation due to the conservation of angular momentum. The former mechanism causes the system to migrate along a diagonal line in i -σ(i) space and in e -σ(e) space. This exchange of angular moment among planets, cause the system to migrate a V-shape trajectory in these spaces. As such, the evolution in i and σ(i), but also in e and σ(e) can be used to estimate the contributions of external perturbation with respect to the internal secular dynamical evolution of individual planetary systems.
• Planetary systems with high mutual inclinations, such as Kepler-108, and for which the orbits are co-planar and inclined, such as Kepler-56 and the Solar System, can be reproduced in our simulations. We speculate that these two classes of systems may actually belong to the same family, but observed at a different epoch.
Due to the restriction in computational resources, the build-up of errors and the chaotic nature of N-body systems, our study is limited to planetary systems with relatively wide orbits; the inner most planet is at 5.2 AU (the outermost planet is at a ∼ 200 AU. This setting makes planetary systems sensitive to external perturbations, and therefore allows us to produce the signatures of the parental clusters without having to carry out simulations for extensive periods of time. Our investigation focused on clusters in which the primordial gas has already depleted, and we ignored tidal effects between planets and their stellar host. The actual distribution of mean inclinations/eccentricities as a function of N p may be smaller than our models, especially among tight planetary systems (e.g., Kepler-11, see Lissauer et al. 2011b) and/or in the scenarios where eccentricity damping by tidal effect and gas drag operate. Nevertheless, our results highlight the natural selection process in the parental cluster and its implication to observable quantities, which is important for understanding the planet formation and evolution processes.
